INTRODUCTION
Long-term (millions of years) changes in biodiversity patterns are difficult to study because of the inadequacy of the fossil record. The source of the issue centres on our reliance upon the fossil record to mirror real diversity over time (Gale et al. 2000; Peters & Foote 2001; Smith et al. 2001) . There is a belief that, over geologically long terms, biases are randomly distributed and do not significantly alter the signal (Sepkoski 1993) , or that corrections for sampling effects may produce reliable diversity estimates (Alroy et al. 2001) . In the present paper, we outline a method to test for the possible distortion caused by the variable quality of the fossil record. We suggest this as a general method applicable to many groups of organisms. We exemplify the method using the fossil record of Cretaceous marine ray-finned fishes (Actinopterygii).
MATERIAL AND METHODS
Increases in taxic diversity observed in the fossil record may be related to two main causes: (i) a genuine increase in species diversification and (ii) an artefact due to biases related to the nature of the fossil record, such as quantity of the available fossiliferous rocks and sampling effort (including variation in research effort). The latter cause is called a 'Lagerstätten effect', although this name is normally restricted to biases due to the presence of numerous rich assemblages only. We hypothesize that the main causes can be distinguished by assessing the shape of the phylogenetic tree of the taxa present in each chosen time slice. A Lagerstätten effect corresponds to a better sampling of the biodiversity in one time slice relative to another. It increases the observed diversity of taxa that, on the null hypothesis, are assumed to be evenly distributed through the tree of life (we ignore here palaeoecological variations between time slices to simplify the explanation). On the other hand, a genuine radiation increases the diversity of observed taxa, but only in restricted parts of the tree of life reflecting a real biological phenomenon. In short, because the phylogenetic patterns of the cohorts under consideration in each situation are different, we suggest that the causes (Lagerstätten effect or radiation event) can be distinguished by computing the variation of the average ghost lineage duration through time slices.
The average ghost lineage duration for any one time-interval is equal to the sum of the ghost lineage durations of all observed equally ranked taxa in that time-interval divided by the number of those taxa. The ghost lineage as used here includes the range extensions as well as the ghost lineages sensu Norell (1992) . The range extension is the amount of stratigraphic range of a taxon under study that must be added to comply with a phylogenetic tree (Smith 1994) , and the ghost lineage sensu Norell (1992) is an ancestral lineage leading to two or more taxa that must be inserted to account for the shape of the phylogenetic tree. Rules used to define ghost lineages, especially those based on uncertain stratigraphic data and/or phylogenetic uncertainty, and calculation of the average ghost lineage duration is exemplified in figures 1 and 2 of electronic supplementary material.
We hypothesize that a peak of taxic diversity with no associated change in the average ghost lineage duration is due to a 'Lagerstätten event', while a peak of taxic diversity associated with a drop in the average ghost lineage duration is caused by a genuine biological radiation reflecting speciation events more closely spaced in time. Figure 1 shows a theoretical application of the method.
Another way to assess the nature of a peak of diversity is to compile total diversities for different clades of actinopterygians. For a given time slice with similar preservational conditions, differences in the shapes of the curves imply different evolutionary patterns between the clades. This way allows us to assess the average ghost lineage duration method.
We chose to use the genus as the unit of our analysis. This is because (i) genera are usually recognized on unique characters and demonstrably monophyletic (cf. species that are often differentiated on body proportions, stratigraphic or geographical criteria), and (ii) the phylogenetic analyses that we used to exemplify this method were usually carried out at the generic level ( Forey et al. 2004) .
RESULTS
Aptian-Maastrichtian actinopterygian diversityinformation about the database and analysis of fish diversity is available in electronic supplementary material. The database of the Cretaceous actinopterygian fossil record we used here is available in electronic supplementary material from Cavin et al. (2006) . Figure 2a shows the variation over time of the different diversity metrics for marine actinopterygian genera. The number of observed occurrences (standing diversity) rises gradually from 15 to 30 genera in the late Early Cretaceous (Late Aptian-Late Albian) to 40 or 50 genera in the Maastrichtian. This trend is interrupted by a dramatic peak in the Cenomanian where over 100 genera are recorded. The total diversity (sum of the standing diversity, Lazarus genera diversity and ghost lineage diversity) curve shows a similar pattern, except that the decrease from the Cenomanian peak is gentler due to the presence of more Lazarus taxa. Separate curves are given for the Lazarus and ghost lineage ranges through time.
Assessing how accurately the diversity curve mirrors the genuine fish diversity curve is done here by looking at the variation in the number of cladogenetic events and the average ghost lineage duration through time (figure 2b). The number of cladogenetic events shows a peak in the Late Albian that, we suggest, led to the peak of standing diversity observed in the Cenomanian. Meanwhile, the average ghost lineage duration drops Here the phylogeny is constrained to only include known occurrences and average ghost lineage durations per time slice are calculated according to the rules specified in the electronic supplementary material. This would be the normal study situation. Here, the cladogenetic event curve does not discriminate between events in time slices 'd' and 'h'. The average ghost lineage duration is a better indicator of the origin of the peaks, because no significant variation of the average ghost lineage duration is observed in association with the Lagerstätten event, but a drop in the average ghost lineage duration is associated, although slightly postponed, with the radiation event. This model shows that the origin of both kinds of diversity peaks can be separated on the basis of the variations in the average ghost lineage duration.
from the Albian to the Cenomanian, confirming that a radiation occurred at that time. The actinopterygian radiation event may well have occurred in the Early Cenomanian rather than in the Late Albian: the peak may be artificially smeared backwards because of the coarse-grained stratigraphic resolution of the actinopterygian database. Another approach to assess the nature of the variation of diversity curves is to compare the diversity between different clades. We computed the variation of diversity for five clades from the Early Aptian to the Late Maastrichtian (figure 4 in electronic supplementary material). The total diversity of pycnodontiforms and ichthyodectiforms, two clades that appear in the fossil record prior to the Cretaceous, is remarkably constant from the Aptian to the Maastrichtian with no increase in the Cenomanian. Tselfatiiforms, aulopiforms and beryciforms, on the other hand, are clades that diversified in the mid-Cretaceous. Tselfatiiforms and aulopiforms are known by rare fossil occurrences in the Albian and by ghost lineages in the Aptian, while the first fossil occurrence of a beryciform is Cenomanian in age, but its ghost lineage extends to the Early Albian. These three orders show an important radiation starting in the Late Albian through the Cenomanian, after which their respective diversity decreases progressively during the rest of the Late Cretaceous. The marked difference in the diversity patterns during the mid-Cretaceous event between the 'old' clades, which remained constant in number, and the 'new' clades, which rapidly diversified at that time, strongly support the hypothesis that the Cenomanian peak of diversity is not due to a Lagerstätten event.
DISCUSSION
The main feature of Aptian-Maastrichtian ray-finned fish diversity is the very high peak of diversity observed in the Cenomanian. This stage witnessed one of the highest sea levels of the Phanerozoic leading to the formation of numerous fossil fish deposits (the Cenomanian localities worldwide yield many more fossil fish specimens than any other stage of the Cretaceous). A high sea level certainly accounts in part for the peak of diversity. Marine ray-finned fish diversity as a whole as well as diversity of various more inclusive marine taxa are correlated with upper ocean temperature. The very high temperature recorded for Cenomanian stage (Pucéat et al. 2003) probably triggered fish diversification (Cavin et al. 2006) .
The two lines of evidence mentioned above indicate that the Cenomanian explosion of fish diversity is due to a real biological diversification. Previous studies have shown that some aspects of biodiversity patterns are artefacts of the stratigraphic record ( Ghost lineage and diversification L. Cavin & P. L. Forey 203 phylogeny-based test of the genuine versus artefactual origin of the Cenomanian peak leads us to reject this for this particular group at this particular time.
